It is generally accepted that the genetic diversity of organisms arose from a number of mechanisms to obtain a new gene, including lateral gene transfer from other species, creation of mosaic genes from parts of other genes, duplication of pre-existing genes, and de novo invention of genes from DNA that had previously a noncoding sequence (1) . Unlike eukaryotes, which evolve principally through the modification of pre-existing genetic information, bacteria have obtained a significant proportion of their genetic diversity through the acquisition of genes from distantly related organisms (1) (2) (3) (4) (5) . This lateral, or horizontal, gene transfer has been studied by genetic approaches that compare gene content in a variety of genomes (6 -8) or find genes with atypical GϩC content and pattern of codon usage (9, 10) . These studies showed that the genetic diversity of bacteria actually results not only from errors in DNA replication and repair but from horizontal exchange and recombination of DNA sequences from similar and disparate species. It is believed that the horizontally transferred genes ascribe the rapid adaptation of bacteria to novel environments and effectively change the pathogenic and ecological character of bacterial species (1) (2) (3) (4) (5) . In Escherichia coli, for example, several hundreds of genes, among 4,289 predicted genes in the genome (11) , were acquired from other organisms because this species had diverged from Salmonella lineage 100 million years ago (12) . Also, the subsequent multistep transfer of gene clusters conferring virulence characteristics, such as O-loops, transformed a benign strain of E. coli into a pathogenic strain (13) . Thus, horizontal gene transfer appears to have a large impact on bacterial evolution; however, whether all of these genes contribute bacterial diversity by expressing functional proteins in the cell remains unknown.
Proteomic technologies powered by advancements in MS and bioinformatics and coupled with accumulated genome sequence data allow a comprehensive study of protein constituents of the cell and tissues. In particular, an integrated multidimensional LC-based protein identification technology is powerful for large-scale and systematic protein identifications in very complex biological samples (14) . We constructed one of those systems by combination of a fully automated microscale multidimensional LC and a high-resolution hybrid MS coupled with a data analysis system (15) and used the system for large-scale identification of proteins expressed in Caenorhabditis elegans (16) or for development of a novel strategy to identify N-glycoproteins (17) . Here, we applied this technology to the comprehensive analysis of a proteome of E. coli strain K12 (JM109) and identified a protein subset corresponding to ϳ35% of total ORFs predicted in the genome. Based on the analysis as well as the analysis of gene expression by DNA microarrays, we propose that most of the recently acquired foreign genes do not express protein products and may therefore be either pseudogenes or genes that serve to generate functional RNAs.
EXPERIMENTAL PROCEDURES
Sample Preparation-E. coli K12 JM109 (endA1, gyrA96, thi, hsdR17, supE44, relA1, ⌬(lac-proAB), recA1, F'[traD36, proABϩ, laclq, lacZ⌬M15]) cells were grown in shaking culture at 37°C in a Luria-Bertani medium containing 1% tryptone (Becton Dickinson, Sparks, MD), 0.5% yeast extract (Becton Dickinson), and 1% NaCl. The mixed late logarithmic and early stationary phase cells were harvested from growing bacteria (OD 600 ϭ 1.5) by centrifugation at 10,000 ϫ g for 10 min at room temperature. The precipitate was solubilized in 6 M guanidinium hydrochloride and S-alkylated with iodoacetamide as described (15, 16) . The S-carbamoylmethylated proteins were dialyzed against 10 mM ammonium bicarbonate (pH 8.0) to remove the excess reagents and digested overnight at 37°C with sequence-grade modified trypsin (Promega, Madison, WI) at an enzyme-substrate ratio of 1:100 (w/w). The digest was acidified to pH 2.0 with 1 M HCl, and the resulting precipitate was removed by centrifugation. The supernatant was adjusted to pH 8.0 with aqueous ammonia (8 M) and was analyzed immediately for protein identification.
Automated Two-dimensional (2D) 1 LC-MS/MS Analysis of Peptides-The tryptic digest was analyzed by an automated microscale 2DLC-MS/MS system as described (15, 16) . Briefly, the peptide mixture was separated by a combination of first-dimensional anionexchange LC on a bioassist-Q column (2-mm ID ϫ 35 mm, 10-m particles; TOSOH, Tokyo, Japan) and second-dimensional reversedphase LC on a Mightysil-C18 column (320-m ID ϫ 100 mm, 3-m particles; Kanto Chemicals, Tokyo, Japan), which was synchronized by a computer program. The system was also equipped with a small "trap" precolumn packed with Mightysil-C18 (1-mm ID ϫ 5 mm) that was inserted between the two analytical columns through a six-way column-switching valve to remove salts from the anion-exchange LC. The eluted peptides were sprayed directly into a Q-TOF hybrid mass spectrometer (Q-Tof2; Micromass UK Ltd., Manchester, United Kingdom). The peptides were detected in the MS mode to select a set of precursor ions for a data-dependent, CID mass spectrometric (MS/MS) analysis, and every 4 s the largest four signals selected were subjected to the MS/MS analysis. The total analysis time for a single 2DLC-MS/MS process was 16 h.
Protein Identification by MS/MS and Data Analyses-The large volume of MS/MS data that were generated was converted to text files listing mass values and intensities of fragment ions and was processed by the Mascot algorithm (Matrix Science Ltd., London, United Kingdom) for peptide assignment with reference to the E. coli sequence databases (11) (m52p) maintained at the University of Wisconsin-Madison genome project (www.genome.wisc.edu/pub/analysis/m52p.fap). The parameters for the database search were as previously described (16) . We first screened the candidate peptides with probability-based Mowse scores that exceeded their thresholds (p Ͻ 0.05) and then applied more strict criteria for final assignment (16, 18) : i) when the match scores exceeded the threshold by 10, identifications were accepted without further consideration; ii) when scores were lower than 10 above the threshold or if identifications were based on single matched MS/MS spectrum, we manually inspected the raw data for confirmation prior to acceptance.
Database Search and Annotation-Protein annotations, such as cellular role and subcellular localization, were obtained from the knowledge databases EcoCyc (19) DNA Microarray Analysis-E. coli strain K12 (JM109) was grown as described above, and total RNA (400 g) was isolated from 50 ml of the cells at OD 600 ϭ 1.5 by hot phenol purification protocol. RNA (10 g) was labeled by Bioarray terminal labeling kit (Affymetrix, Santa Clara, CA) for microarray analysis. The analysis was performed on Affymetrix E. coli Antisense GeneChip arrays as described (22) . Raw data files were analyzed by the statistical algorithm (23) in the Microarray Analysis Suite 5.1 (Affymetrix) by using the default parameters and were exported as text files for further sorting by Excel 2000 software (Microsoft, Redmond, WA). In the absolute present analysis of mRNA, we set the stringent threshold of 0.03 for the detection p value (23) . Under these conditions, we typically obtained "present call" for between 2,600 and 3,000 genes. The analysis was repeated twice, and the reproducible signals were assigned as the "present" RNAs.
RESULTS AND DISCUSSION
Comprehensive Analysis of E. coli Proteome-We used laboratory strain K12 (JM109) (24) as a source of E. coli, because much information including its genome sequence (11) is accumulated on a variety of databases. To achieve a comprehensive analysis of the proteome, whole bacterial cells collected in a mixed late logarithmic and early stationary phase culture was dissolved in 6 M guanidinium hydrochloride, Scarbamoylmethylated under reducing conditions and digested with trypsin. The resulting peptide mixture was then analyzed directly by an integrated multidimensional protein identification system (15) (16) (17) , and spectral data were automatically processed to search the E. coli sequence database m52p (11) for protein identification.
After removing redundant peptide assignments derived from any single protein, we identified ϳ850 proteins in a single analysis in which an average of about four peptides was assigned per protein. In LC-based protein identification technologies, however, multiple measurements of the same preparation generally increase the number of proteins identified due to the fact that the complexity of the sample peptide mixture often exceeds the separation capacity of the LC-MS system and because the selection of a peptide for MS/MS analysis is data dependent and somewhat irregular (16, 25) . Thus, we analyzed the same peptide preparation repeatedly under the same conditions to maximally cover the E. coli proteome (Fig. 1) . After repeating the analysis 10 times, a composite proteome of 1,480 proteins was obtained (Supplemental Table I ), assigned using more than 58,700 peptides derived from ϳ162,000 MS/MS spectra. The identified proteins corresponded to ϳ35% of the total 4,289 ORFs predicted in the E. coli genome (11) .
This protein subset contained a wide range of proteins with respect to physico-chemical characteristics such as pI and molecular mass (M r ). The most acidic protein identified was the msyB gene product (pI 3.42), while the most basic was the rpmH gene product (pI 13.1). The smallest protein identified was the product of rpsV (M r ϭ 5.1 kDa), and the largest was the product of b2520 (M r ϭ 182 kDa). A 2D visualization of the pI and M r of the 1,480 proteins and the E. coli proteome predicted from the ORFs (Fig. 2) suggests that our analysis covered Ͼ 99% of the bacterial proteome (with respect to M r and pI). We also note that this protein subset contained not only abundant cellular proteins such as the ribosomal proteins and the elongation factors Tu and G that exist at ϳ10 4 to 10 5 copies per cell (26 -28) but also very minor protein components such as the subunits of DNA polymerase III (dnaE, dnaX, dnaN, and holD), which are present at not more than 100 copies per cell (29) . Thus, the analysis appears to have covered E. coli proteins whose cellular abundance range from 100 to 100,000 copies per cell (Table I) .
Characterization of E. coli Proteome-Of the 1,480 proteins detected in this study, the cellular roles of 1,177 proteins (ϳ80%) are known or could be predicted according to the classification of the Clusters of Orthologous Groups (COGs) database (20) maintained by the National Center for Biotechnology Information (NCBI). A survey of functional annotation indicated that this subset contained proteins with a variety of protein functions covering most cellular processes, including minor components of the transcriptional machinery such as sigma factors and repressors. In fact, a comparison of functional annotation with the equivalent data for all ORFs predicted from the E. coli genome suggests that the identified proteins covered ϳ5-80% of the proteins in each classified functional group (Table II) . For instance, we found most (80%) of the bacterial proteins with potential cellular roles in the "translation" group, and 35% of the proteins with potential roles in "signal transduction mechanism," etc. The coverage of proteins within the category "cell motility" was much lower (5%) than the average (35%), due presumably to the fact that laboratory strain K12 (JM109) has functional defects in cell motility (30) . On the other hand, the subcellular distribution of 684 of the 1,480 proteins could be annotated on the basis of the EcoCyc knowledge database (19) . Comparison of the subcellular distribution of these proteins with the equivalent data for all E. coli ORFs suggests that the identified proteins covered 58% of the cytoplasmic and 44% of the periplasmic protein repertoire, as well as 23 and 30% of insoluble proteins that reside in an inner or outer membrane, respectively (Table III) . Meanwhile, the E. coli proteome, consisting of 4,289 gene products or ORFs, contains 1,134 proteins (ϳ27%) that con- tain a putative transmembrane (TM) segment(s) as predicted by SOSUI programs (21) . We found 200 TM proteins (ϳ14%) among the total of 1,480. These results suggest that the protein identification technology employed here could identify almost any type of protein regardless of its chemical characteristics. The analysis appears to slightly favor the identification of soluble proteins, presumably because membranespanning segments negatively influence the efficiency of protease digestion and/or subsequent LC-MS detection.
Previous genetic studies using a series of conditional lethal mutants of E. coli identified the essential genes for bacterial growth and viability. To date, 164 genes have been identified and cited in the PEC knowledge database. A search of this database revealed that our protein subset comprised the products of 138 essential genes (84% coverage) (Supplemental Table I ). If we assume 84% coverage of the total proteins identified in this study, we speculate that the proteome of E. coli would consist of 1,760 proteins under cultured conditions. This putative size of proteome is within the range estimated by the transcriptome analysis that suggested 1,100 active E. coli genes (31) while another report suggested that almost all (3,700) of the bacterial genes are expressed (32) .
Protein Products from Genes Within K-loops and Other
Horizontally Transferred Genes-"K-loops" (also called K-islands) are well characterized as clusters of the most recently immigrated genes within the E. coli K12 genome (13, 33) . K-loops were identified by comparing the genomes of E. coli strains K12 and O157 (13, 33) . K-loops were integrated into the bacterial genome by horizontal gene transfer and show extremely different codon usage from the backbone of the bacterial genome and also contain genes from cryptic phages (33) . To examine the relationship between K-loops and the a The number of E. coli proteins identified in the m52p dataset (11) that includes all proteins predicted in the genome. The classification is according to the COGs database (20) .
b Percentage coverage of identified/all predicted proteins.
proteome, the proteins identified in this study were plotted on a circular genome map (Fig. 3) . Although the identified proteins were almost uniformly spread around the map, active genes were infrequently found within K-loops. Statistical estimation indicated that proteins were expressed from only 49 of the 499 K-loop genes (ϳ10%). This percentage is significantly lower than that for active genes in the entire genome (35%) as estimated in this study (including 84% of the known essential genes). Previously, Geveart et al. (34) characterized E. coli K stain proteins during the late logarithmic growth phase (K12, HB2151 strain grown in Luria-Bertani medium) by a unique strategy of concentrating methionine-containing peptides. Among the 882 identified proteins in that subset, we found that only 5.8% of the protein products localized to genes on K-loops. In more recent study by Corbin et al. (35) that characterized the 1,147 E. coli proteins of the mid-logarithmic growth phase culture (K12, MG1655 strain grown in minimal medium), we also found only 5.0% of the protein products from K-loops. The composite proteome resulting from this study and those by Geveart et al. (34) and Corbin et al. (35) consists of 1,867 proteins that slightly increase the coverage of both proteins (44% of the total ORFs) and essential genes (89%; 146 of 164 genes) but still contains only 76 protein products derived from K-loops (15% coverage; data not shown). Because the ORFs predicted from the K-loops encode putative proteins that are representative of the entire genome in terms of chemical characteristics (Fig. 1) , subcellular localization, and number of TM segments (data not shown), these results indicate that the recently immigrated genes may be inadequate for the expression machinery of the native genes.
In most LC-based protein identification technologies including the one reported here, the number of "peptide hits" used to identify a particular protein shows a positive semiquantitative relationship to the abundance of that protein in the sample (16) . In this study, an average of 39.7 hits per protein were used to identify the 1,480 proteins, and almost 50% of the proteins were identified by more than 10 hits. By contrast, the gene products from K-loops were identified by 6.7 hits on average, and only 10 products from the genes ompT, b1550, glcB, fecA, rfbB, rfbC, glf, wbbI, hsdM, and mrr were identified by more than 10 hits. This data suggests that K-loops are relatively inactive in terms of protein expression. Among the 49 genes mapped to K-loops whose products were detected in this study, the cellular roles of 38 genes are known or could be predicted by searching the COG database, while the remaining 11 genes were either hypothetical or were functionally undefined in the database. The genes with known or predicted cellular roles are classified into twenty categories (summarized in Supplemental Table II ) and includes the proteins involved in cell wall biogenesis such as the synthesis of O-antigen (rfbA, rfbB, rfbC, glf, and wbbI clustered on K-loop 136 as discussed below), defense mechanisms such as DNA restriction-modification (hsdS, hsdM, hsdR, and mrr, K-loop 319), inorganic ion transport such as citrate-dependent iron transport (fecA and fecB, K-loop 313), transcription (dicA, dicC, and rpiR), energy production (glcB), and DNA recombination or transposition (trs5s). Interestingly, all these genes except dicA, dicC, and rpiR are so-called operational genes (8) . This fact may be compatible with the complexity hypothesis of horizontal gene transfer (36) , which states that transfer occurred more frequently for operational genes (involved in housekeeping) than for informational genes (involved in transcription, translation, and related processes) because informational genes are typically members of large, complex systems, whereas operational genes are not. Thus, horizontal transfer of informational gene products is less probable (36) . Interestingly, E. coli K12 still expresses a number of enzymes in the O-antigen synthetic pathway, a repeated unit of lipopolysaccharide in the outer bacterial membrane, even though the strain lost its ability to synthesize O-antigen during the ϳ80 years of adaptation to laboratory environments (24, 37) . Nevertheless, our data suggest that most of the recently immigrated genes are nonfunctional. The K12 and O157 strains diverged from a common ancestor ϳ4.5 million years ago (38) . Assuming that the K-loops were integrated at that time, the rate for acquiring a new functional gene is estimated at one per 100,000 years. On the other hand, it was postulated that a total of 755 E. coli genes are relics of horizontal events after the divergence of E. coli from the Salmonella lineage 100 million years ago (10) . However, most of the horizontally transferred genes in the E. coli chromosome are of relatively recent origin, with an average age of 6.7 million years (10) . We searched the products of the 755 genes in our list of E. coli proteins and found 90 gene products (12% of 755 genes; Supplemental Table I ). Thus, again the horizontally transferred genes appear to be much less active than the native genes and may become functional at a rate of only one in 100,000 years. Besides those and K-loops genes, the 13 additional genes polA (39) , polB (40) , putP (41) , icd (42) , trpC (43) , gapA (44) , pabB (45) , gnd (46) , crr (47) , mutS (48) , mdh (49) , uvrD (39) , and aceK (50) underwent horizontal transfer as determined by analyses of nucleotide polymorphism patterns, levels of phylogenetic incongruence among gene sequences, and large-scale chromosomal measurement. We found that 9 of these 13 genes (69%) are expressed in E. coli. However, these genes appear to be exceptional not only because of their extraordinarily high frequency of protein expression but also because they have homologous genes in pathogenic E. coli including O157:H7 (13, 33) and CTF073 (51) as well as in the neighboring lineages Salmonella (52, 53) and Yersinia (54) . Presumably, these genes are either of very old origin or were transferred from bacteria that have very similar codon usage to E. coli.
CONCLUDING REMARKS
It is generally believed that most immigrated genes play a critical role in bacteria by providing functional proteins important for diversification subsequent to strain divergence. Here, we propose that a large proportion of horizontally transferred genes in E. coli do not express protein products. This, however, raises the question as to how these genes have been conserved within the bacterial genome. It is widely accepted that if genes are not translated into proteins and do not contribute to cell survival then they tend to decay during evolution via insertion of internal stop codons, partial deletions, etc. Of course, the "nonfunctional" horizontally transferred E. coli genes may be undergoing such decay presently, but the range of time over which these genes were acquired (10) argues against this idea. It is possible that some of these genes are pseudogenes that lack the structural elements for transcription or/and translation, or maybe genes that do not produce proteins but serve to generate functional RNAs (55, 56) . To obtain further insight into this problem, we performed transcriptome analysis on a DNA microarray that carried 4,241 unique E. coli genes including 458 genes from K-loops. Under the conditions described in "Experimental Procedures," we found the transcripts of 2,674 genes (63.1% of total genes on the array) in our bacterial culture, which included the transcripts of 208 genes from K-loops (Supplemental Table I ). This suggests that about a half of K-loops genes (45.4%) were transcribed to RNAs, while we found only 25 protein products (12%) of the transcripts in our proteome analysis. On the other hand, we found a total of 1,138 proteins derived from the 2,674 transcripts detected on the array (42.6%). Thus, the genes in K-loops appear to be transcribed almost as efficiently as the native genes, but may be translated much less frequently to proteins than the native genes. Although the argument needs to be refined by more quantitative gene expression analysis such as quantitative RT-PCR, our results imply that the recently immigrated genes may be inadequate for the translational machinery of the bacterial cell. Nevertheless, whether some of the horizontally transferred genes serve to generate functional RNAs in the cell remains to be investigated.
Finally, the argument exists that horizontally transferred genes might be expressed under specific environmental conditions, for instance during times of stress that threaten cell survival. A search of the EcoCyc database (19) for stressinduced genes indicated that only seven of a total of 54 known stress-related proteins are encoded by horizontally transferred genes, indicating that they are not particularly rich in "survival" genes. We also note that the present study identified the products of many of these genes (29 of 54; 54%) that are induced by various stresses such as heat shock, cold shock, osmotic shock, and infection by phages. These genes include the product of the immigrated gene dinJ that is induced by DNA damage. Thus, while additional proteomic sets need to be defined under a variety of environmental conditions and by the analysis of other strains of E. coli, it appears likely that proteomic analyses will provide alternatives to the current paradigms of bacterial evolution.
